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This report sets forth a case study to clarify the accuracy of a measurement technique
commonly used in industry to estimate the temperature of a flowing fluid. That technique
utilizes a temperature measurement on the outside surface of the pipe in which the fluid
is flowing and assumes that that value is the temperature of the fluid. The goal of the work
reported here is to quantify the possible differences between the measured pipe wall
temperature and the temperature of the flowing fluid. Numerical simulation was the
method employed to determine this information. The end result of this work is a simple
algebraic formula that enables the difference between the temperatures of the pipe fluid
and at the measurement point to be evaluated. A worked-out example was included to
demonstrate how the algebraic formula is to be used.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
A unique instrument (Rosemount 0085 Pipe Clamp Sensor, Emerson Process Management, Chanhassen, MN USA) is
widely used worldwide to obtain information about the temperature of a flowing fluid by making use of a temperature
measurement on the external surface of the pipe in which the fluid is flowing. A schematic diagram of the instrument is
pictured in Fig. 1. As seen there, the temperature at a location on the outside surface of the pipe is measured by a spring-
loaded sensor to ensure good contact. The sensor and its support system are clamped in place by a structure that is anchored
against the outside wall of the pipe. This structure behaves like a fin that provides a heat flow path between the pipe and the
air that surrounds the pipe. The presence of this fin-like structure is a factor that may cause deviations between the
measured outside pipe-wall temperature and the temperature of the flowing fluid.
The present work was undertaken to determine the differences, if any, between the measured external-surface
temperature and the temperature of the fluid. The approach used here is numerical simulation. Consideration was given
both to the fluid flowing in the pipe and to a crossflow of air that passes over both the outer surface of the pipe and the
support structure of the measurement instrument. In a sensitivity study, the effects of solar energy incident on the pipe, and
heat loss from the pipe to the night sky were investigated.
The total problem involves the interaction of the two fluid flows, the convective heat transfer in both fluids, and the heat
conduction in the pipe wall and in the support structure of the temperature measurement instrument. Additionally, thermal
radiation may be involved. These fluid flow and heat transfer processes occur simultaneously. To achieve the necessaryier Ltd.
w).
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Fig. 1. Representation of the geometry.
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directly from the results of the simulations.
The problem involves a large number of independent physical variables and parameters. For example, four properties are
required for each of the fluids (thermal conductivity, specific heat, density, and viscosity). The velocities of the fluids
respectively flowing inside and outside the pipe must be specified, and the respective inflow temperatures must be stated.
Also necessary are the dimensions of the pipe and of the measurement structure. If relevant practical values for each one of
these quantities were used as input for the cases of technical importance, the number of computer runs would exceed 100.
In order to reduce the extent of the problem to a manageable size, dimensionless variables, parameters, and coordinates
were used. By this means, the number of input values was decreased to three for those cases that did not include radiation
(solar and night sky), and eight relevant cases were identified to characterize the behavior of the system. To achieve high
accuracy from the simulations, 14 million elements were required. The software used for the numerical work was ANSYS
CFX 13.0. For each of the cases where radiation heat transfer is involved, one additional parameter value is necessary.
2. Dimensionless parameters and selected cases
The most significant dimensionless parameter relates to the temperature. At any point within either fluid or within any
solid medium, the temperature T can be written as a function of the coordinates x, y, and z. In addition, let the temperature
of the air upstream of the system be denoted by TAir,in and the temperature of the fluid entering the pipe by TFluid,in. These
temperatures can be arranged in a dimensionless group θ as follows:
θðx; y; zÞ ¼ Tðx; y; zÞTAir;in
TFluid;inTAir;in
ð1Þ
Note that at the inlet of the pipe, θ¼1, and at the inlet of the airflow θ¼0. Therefore, no matter what are the actual
temperatures, the θ values are not altered. By this means, the cases TFluid,in4TAir,in and TFluid,inoTAir,in can be treated together.
Note that the fluid temperature is its bulk value at any cross section.
The other key dimensionless parameters are the Reynolds numbers for the external airflow and for the internal fluid
flow. For the respective flows, the Reynolds numbers are denoted by ReFluid and ReAir and are defined as
ReFluid ¼
ρUFluid;inDInternal
μ
ð2Þ
where the density ρ and the viscosity μ are those of the fluid flowing in the pipe, and UFluid;in is the mean velocity of that
fluid. Note that the diameter is that of the inside of the pipe. Similarly
ReAir ¼
ρUAirDInternal
μ
ð3Þ
In this equation, the properties ρ and μ are those of the air flowing over the pipe and the structure. For consistency, the
diameter in this Reynolds number definition is also the internal pipe diameter.
The final dimensionless quantity that needs to be specified is the Prandtl number, which is defined as
Pr¼ μcp
k
ð4Þ
where the viscosity μ, the constant-pressure specific heat cp, and the thermal conductivity k are all fluid properties.
The Prandtl number of air is virtually independent of temperature and equal to 0.7. On the other hand, since the viscosity of
liquids varies strongly with temperature, the Prandtl number of liquids varies correspondingly. For example, for liquid water
at a temperature of approximately 40 F, the Prandtl number is about 10. When the temperature of the water is on the order
of 100 F, the corresponding value of the Prandtl number is between one and two. In the case of oil, the variations of the
Prandtl number with temperature are even larger. In this light, the Prandtl number of the fluid flowing in the pipe was
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The Pr value of 50 was assigned to take account of oil at intermediate temperatures.
As was mentioned earlier, eight original cases were selected for the numerical simulations. These selections were based
on expected operating conditions. A listing of these cases is conveyed in Table 1.3. Results and discussion
The key results extracted from the numerical simulations are the θ values at the location of the temperature sensor on
the external surface of the pipe and the θ value for the flowing fluid in the pipe. These quantities are respectively listed in
Table 2 as Measurement-point θ value and Fluid θ value. As will be demonstrated shortly, this information can be used to
determine the difference between the temperature at the measurement point and that in the pipe fluid.
With regard to the tabulated values, it may be noted that when theMeasurement-Point θ values depart substantially from
1.0, the deviations between the measured outside pipe wall temperature and the fluid temperature are significant. Case 2
displays the smallest Measurement-Point θ value. It corresponds to the highest airflow Reynolds number and the lowest
pipe-flow Reynolds number and Prandtl number. In this situation, the airflow absorbs heat at a high rate from the outside
surface of the pipe and from the instrumentation structure. Furthermore, for the low pipe-flow Reynolds number and
Prandtl number, the heat transfer capability of the pipe flow is unable to match the aforementioned high heat transfer rates
without the help of a relatively large temperature difference. All of the results can be explained by this type of argument.
The original eight cases for which results are displayed in Table 2 can be augmented by the use of interpolation. Suppose
that informationwere needed for a case described by ReAir of 30,000, ReFluid of 10,000, and PrFluid of 25. Clearly, this is not one
of the original eight cases. However, it can be seen that the case in question is related to Cases 2 and 5 from which it differs
only in respect to the value of the Prandtl number. It is proposed to use the information for Cases 2 and 5 that is listed in
Table 2 to interpolate for the needed information for the new case.
The interpolation formula is a power law of the form
θCrit ¼ aðPrÞb ð5Þ
From Table 2, θCrit¼0.784 for PrFluid¼1, and θCrit¼0.902 for PrFluid¼50. With these values as input, Eq. (5) can be solved to
obtain a¼0.784 and b¼0.0358. Next, Eq. (5), with these values of a and b, is used to calculate the value of θCrit for Pr¼25.
The result obtained is θCrit¼0.880. For purposes of comparison, the full numerical solution for the new case gave θCrit¼
0.889. The difference between the interpolated and true values of θCrit is 1%.
The cases involving radiation were intended to provide scoping information to guide the need for more extensive
exploration of this mode of heat transfer. Since Case 2 has been demonstrated to be the one where largest temperature
deviations are likely, it was selected as the case for which radiation effects were studied.Table 1
Listing of the operating parameters for the originally investigated cases.
Case number ReAir ReFluid PrFluid
1 5000 10,000 50
2 30,000 10,000 1
3 5000 150,000 50
4 30,000 150,000 1
5 30,000 10,000 50
6 5000 10,000 1
7 30,000 150,000 50
8 5000 150,000 1
Table 2
Results for the θ values at the measurement point and for the pipe fluid.
Case
number
Measurement-Point θ
value¼θCrit
Fluid θ
value¼θFluid
1 0.9335 1.000
2 0.7840 0.9820
3 0.9670 1.000
4 0.9280 0.9990
5 0.9020 1.000
6 0.8428 0.9870
7 0.9560 1.000
8 0.9500 0.9990
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represents the beam radiation of the sun that arrives at the top of the Earth's atmosphere. The use of the solar constant as
the incident radiation on the pipe overestimates reality, so that the corresponding results tend to overestimate the solar effect.
When solar radiation was not taken into account for Case 2, the dimensionless temperature at the outside surface of the
pipe was 0.784 as can be seen in Table 2. The calculations which include solar incident radiation gave a value of 0.784 at the
outside surface of the pipe. This result indicates that solar radiation is not an important factor.
The second radiation effect was to determine the cooling of the pipe by a clear night sky condition. The calculations were
also based on Case 2 of Table 1. The result of the night-sky calculations was to lower the dimensionless temperature at the
outer of the pipe to a value of 0.69. In the absence of night sky cooling, that dimensionless temperature had been 0.784
(Table 2). This is an important outcome, and it deserves further investigation. Both of these numbers should be compared to
a value of approximately one which represents the pipe-flow temperature.
4. Application of the results
The application of the results of Table 2 will now be described. The first step in the use of these results is to calculate the
Reynolds and Prandtl numbers for the application in question and to look for the case in Table 1 that corresponds most
closely.
For rapid and sufficient calculation accuracy for most situations, a means of determining the difference between the
measured pipe outside-surface temperature and the fluid temperatures is to use the equation:
TFluidTMeas ¼ ðTMeasTAirÞ
1θCrit
θCrit
 
ð6Þ
As an example of the use of this equation, Case 2 of Table 2 will be considered. For that case, θCrit¼0.7840, so that
TFluidTMeas ¼ ðTMeasTAirÞ
10:7840
0:7840
 
¼ 0:276ðTMeasTAirÞ
This formula is applicable for any values of TMeas and TAir. Suppose, for instance, that TMeas¼113.6 F and TAir¼73.1 F, so that
TFluidTMeas ¼ 0:276ð40:5Þ ¼ 11:2 F
which is the error that would be made if the measured pipe wall temperature were taken to be the fluid temperature.
A temperature error of 11.2 F may be appreciable. In interpreting this result, it must be emphasized that it corresponds to
the most extreme case among those investigated in the absence of radiation.
5. Conclusion
Numerical simulation has been used effectively to quantify the differences between the measured temperature on the
outside surface of a pipe and the temperature of the fluid flowing in the pipe. The number of independent parameters which
govern the problem is very large so that taking them all into account would require computational time of manymonths. To cope
with this realization, dimensionless variables and parameters were introduced in order to diminish the number of parameters
to three.
Among the considered cases, different types of fluids were included as were different velocities for both the external and
internal flows. To provide a convenient means of using the results of the simulations, an algebraic formula was developed by
which differences between the measured outside pipe surface temperature and the actual fluid temperature can be
corrected. A worked-out example was included to demonstrate how the algebraic formula is to be used.
It was additionally found that solar radiation incident on the outside surface of the pipe had a negligible effect on the
temperature results. In contrast, the cooling effect of a clear night sky increased the difference between the temperature at
the outside surface of the pipe and the temperature of the flowing fluid.
